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A STUDY OF TRANSIENT HEAT TRANSFER 
FROM A WATER-IMMERSED ALUMINUM 

FUEL-PLATE SAMPLE IN TREAT 

by 

Lawrence J. Harrison 

ABSTRACT 

During a photographic study of the chemical reaction 
between water and aluminum-alloy plate-type fuel samples 
subjected to nuclear t ransients , t ime-elapse and energy-
input data were obtained for incipient nucleate boiling, stable 
film boiling, and high-temperature physical and chemical 
responses of the sample. In this study, these data are used 
to calculate the transient temperatures , heat fluxes, and heat 
losses from the samples. 

The n:iodes of transient heat transfer considered are 
conduction, nucleate boiling, film boiling, and radiation, all 
under highly subcooled pool conditions. Calculations are 
begun at ambient temperature and are taken on past sample 
melting to high temperatures at which the chemical reaction 
occurs at a significant rate, one typical experiment had a 
calculated peak sample temperature of 1590''C. The transient 
energy-re lease rates were in the raftge from 1 00 to 200 msec , 
and all the experiments were conducted at 12.3 psia. 

The temperature range considered in this study far 
exceeds the ranges previously reported in the l i terature , and 
this is the only study using reactor fuel as the heat source. 
This study includes plots of time versus reactor power, en­
ergy re lease , sample temperature , and events in the fuel 
during a typical transient. 

I. INTRODUCTION 

An important area of nuclear- reactor safety is heat transfer from 
the fuel during a nuclear transient . Experimental studies in this area a re 
limited, undoubtedly because of the difficulty in simulating exponential en­
ergy re leases and obtaining the necessary and desired data. Studies that 
were made under subcooled, stagnant-pool conditions have failed to produce 
predictive corre la t ions , and only a very limited amount of empirical data 



i s ava i l ab l e for app l ica t ion to c r i t i c a l f a c i l i t i e s and l o w - p o w e r pool r e a c o r s 
tha t u s e p l a t e - t y p e fuel a s s e m b l i e s . A n u m b e r of r e a c t o r s a l s o fall m to is 
h e a t - t r a n s f e r c a t e g o r y when they a r e shut down for fuel c h a r g e s . 

The study of t r a n s i e n t , subcoo led , s t a g n a n t - p o o l hea t t r a n s f e r r e p o r t e d 
h e r e is an ou tg rowth of a p h o t o g r a p h i c s tudy of p l a t e - t y p e fuel s a m p l e s 
unde rgo ing a l u m i n u m - w a t e r c h e m i c a l r e a c t i o n in T R E A T . In th i s s tudy , 
h i g h - s p e e d mo t ion p i c t u r e s w e r e ob ta ined whi le a s a m p l e w a s be ing s u b ­
j e c t e d to a n u c l e a r t r a n s i e n t . T h e s e p i c t u r e s p e r m i t t e d the d e t e r m i n a t i o n of 
v a r i o u s t e m p e r a t u r e - d e p e n d e n t r e s p o n s e s , n u c l e a t e bo i l ing , f i lm bo i l ing , 
s a m p l e m e l t i n g , e t c . , as a function of s a m p l e e n e r g y input and t i m e . T h e s e 
da ta a r e u s e d to c a l cu l a t e the s a m p l e t e m p e r a t u r e s , h e a t f l u x e s , and e n e r g y -
l o s s va lues at the t i m e s the v a r i o u s t e m p e r a t u r e - d e p e n d e n t e v e n t s o c c u r r e d . 
The s tudy c o v e r s s a m p l e t e m p e r a t u r e s f r o m r o o m t e m p e r a t u r e to 2000°C. 

All the e x p e r i m e n t s w e r e p e r f o r m e d at 12.3 p s i a . the n o r m a l a t m o s ­
p h e r i c p r e s s u r e at the T R E A T r e a c t o r l o c a t i o n . At th i s p r e s s u r e , the boi l ing 
point of w a t e r is 95°C. 

Rosen tha l and Mi l le r^ a p p e a r to be the f i r s t to h a v e s t u d i e d t r a n s i e n t , 
subcooled , s t a g n a n t - p o o l hea t t r a n s f e r up to b u r n o u t . P l a t i n u m and a l u m i n u m 
r i bbons w e r e e l e c t r i c a l l y h e a t e d at exponen t i a l r a t e s c o n t r o l l e d by 100 thy -
r a t r o n tubes d i s c h a r g i n g in s e r i e s . R i b b o n - t e m p e r a t u r e and h e a t - f l u x da t a 
w e r e l i s t e d for exponen t ia l p e r i o d s r a n g i n g f r o m 5 to 75 m s e c and for s u b -
cool ing r a n g i n g f r o m n e a r 0 to 68°C. An e x t r a p o l a t i o n of t h e i r d a t a ob ta ined 
in a 33°C pool to the cond i t ions of the s tudy r e p o r t e d h e r e g ive s a b u r n o u t 
hea t flux of s o m e w h a t l e s s than 75 c a l / s e c - c n n ^ (l.O x 10 B t u / h r - f t ^ ) . T h e i r 
s tudy a l so i n d i c a t e s tha t for the cond i t ions of the p r e s e n t s tudy , n u c l e a t e 
boi l ing would beg in when the s a m p l e r e a c h e d s a t u r a t i o n t e m p e r a t u r e . 

J o h n s o n e^ al^. conduc t ed an e x t e n s i v e s tudy o v e r the sanae b a s i c 
r a n g e of e x p e r i m e n t a l cond i t i ons as R o s e n t h a l and M i l l e r u s i n g the s a m e 
b a s i c expe r innen ta l e q u i p m e n t . No g e n e r a l c o r r e l a t i o n could b e f o r m u l a t e d 
to c o v e r the J o h n s o n da t a ; the d a t a a r e r e p o r t e d , h o w e v e r . T h e i r c o n c l u s i o n s 
inc lude the fol lowing s t a t e m e n t s , wh ich a r e d i r e c t l y r e l e v a n t to the p r e s e n t 
s tudy: 

1. "The ( n u c l e a t e - b o i l i n g - i n c i d e n c e t e m p e r a t u r e ) o v e r s h o o t 
b e h a v i o r i s s e v e r e when the subcoo l ing of the l iqu id i s 
g r e a t . " 

2 . "The t h e r m a l c a p a c i t y of the r i b b o n is found to be of g r e a t 
i m p o r t a n c e in i t s effect upon r i b b o n t e m p e r a t u r e , and (for 
thin r i b b o n s ) in i ts effect upon the b u r n o u t h e a t f l ux . " 

Only two of J o h n s o n ' s e x p e r i m e n t s a r e c o m p a r a b l e to the p r e s e n t 
s tudy . In t h e s e two e x p e r i m e n t s , thin p l a t i n u m r i b b o n s w e r e h e a t e d at 



periods of 85 and 87 msec . The respective temperatures and heat fluxes at 
incipient nucleate boiling were 118 and 126°C, and 13 and 11 ca l / s ec - cm 
(1.72 X 10^ and 1.5 x 10^ Btu/hr-ft^). The respective burnout temperatures 
and heat fluxes were 206 and 198°C, and 117 and 136 cal /sec-cm^ (1.55 x 10* 
and 1.80 x 10 Btu/hr-ft^). The ribbons were in a horizontal attitude. 

Lurie and Johnson studied transient, subcooled, pool boiling on a 
vertical metallic ribbon subjected to one-step heating. In general, the r e ­
sults are not directly applicable, but one of their conclusions is relevant: 

"In the subcooled case the liquid adjacent to the ribbon is 
highly superheated before nucleation of bubbles begins." 

Miller^ reported some transient, subcooled, pool heat- t ransfer data 
obtained in SPERT-I using full-sized fuel plates identical in construction to 
the alloy-plate sannples used in the present study. The exponential periods 
ranged fron:i 7 to 50 msec , and the pool apparently was at room temperature . 
For a 9-nnsec-period transient, the calculated heat flux at incipient nucleate 
boiling was 38 ca l / sec-cm^ (5 x 10' Btu/hr-ft^). At the onset of film boiling, 
or at departure from nucleate boiling (DNB), the reported heat flux was 
530 ca l / sec-cm^ (7x10*' Btu/hr-ft^). The temperature at DNB was m e a s ­
ured as approximately 180°C. Miller did not observe a drop in sample 
temperature immediately following the onset of nucleate boiling, the temper­
ature continued to r i se , but at a linear rather than exponential ra te . Johnson, 
as well as Rosenthal and Miller, reported a significant drop in ribbon tem­
perature iminediately following the onset of nucleate boiling Miller a t t r ib­
utes the nondropping of the sample temperature at the onset of nucleate 
boiling to the greater heat capacity of the SPERT-I fuel plates . 

In a summary of a ser ies of experinnents covering p r e s su re s from 
ambient to 1000 psia, water-flow velocities from 0 to 14 fps, exponential 
periods from 5 to 50 nnsec, and subcooling from 0 to 62°C, Schrock et al. 
state: 

"The complexity of the problem is so great, however, that 
very detailed and accurate predictions are not yet possible 
for all aspects of the problem, part icularly the void." 

Hamill and Baumeis ter ' have reported a theoretical analysis of sub­
cooled film boiling and radiation heat transfer from flat plates. This 
analysis resulted in a s teady-state correlat ion for determining total heat 
flux. No experimental data were presented for evaluation of the correlat ion. 
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EXPERIMENTAL TECHNIQUE 

A. Summary 

Briefly, the experimental technique entails placing a fuel-plate 
sample, approximately 3.5 by 1.3 cm, in a small pool of demmeral ized 
water at room temperature and pressure . The pool and sample are encap­
sulated and placed in the core of the TREAT reactor . A reactor t ransient 
is then run, resulting in a transient nuclear-energy release m the fuel sam­
ple. A high-speed camera outside the reactor records the thermally induced 
physical events, nucleate boiling, film boiling, sample melting, etc. , which 
occur at the sample. The camera views the sample through windows in the 
capsule, a slot through the reactor core and reflector, and a se r ies of 
m i r r o r s to provide a line of sight through the reactor shielding. The events, 
which are recorded on film, are correlated with time and sample nuclear-
energy re lease . These basic data are then used for the calculations r e ­
ported here. 

B. Reactor Description and Operation 

TREAT is a thermal, graphite-moderated and -reflected, pulsed test 
reactor designed to meet the needs of various experimental reactor safety 
programs. Its engineering design is described elsewhere; Fig. 1 presents 
a perspective of the reactor . 

flEMIVABLE CONCRETE SHIELD PLUQS COOLANT AIR INLET 

GRAPHITE REFLECTOR 

SUS>REACTOR ROOM REMOVABLE PLU6S, 
AND DUCTS FOR FUTURE 
SODIUM TEST LOOP 

Fig. 1. TREAT Perspective 
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To permi t the inserting and photographing of t ransparent capsule 
experiments in the reactor , slotted fuel assemblies have been fabricated. 
The central 2 ft of these assennblies do not contain any mater ia l except thin 
support members on two sides. Each assembly thus has an 8.25- by 56-cm 
opening. Placing a ser ies of these assemblies in a row fornns a slot of the 
above cross section from the center of the reactor to the reflector. A con­
tinuation of this slot has been built into the reflector and shielding, t e rmi ­
nating at a movable shielding block to which a ser ies of m i r r o r s has been 
fastened. The camera , located outside the reactor shielding, views the 
experinnental sannple through the m i r r o r s and slot, a total distance of ap­
proximately 4 m. The details of this in-pile photographic facility are 
described e lsewhere . ' 

The following briefly descr ibes the transient operation of the reactor 
for the experiments described here . The transparent autoclave is assembled 
(see Section C below for details) and inserted in the slot in the reactor core . 
For the reactor core loading used for these experiments, the sample is ap­
proximately 30 cm from the center of the core . The reactor is brought to 
a s teady-state power level of 50 W, and the operation is then t ransferred to 
the autonnatic control system. This system turns on the capsule lights, 
s tar ts the camera , s tar ts the recording oscillograph, and re leases the 
transient-init iat ing control rod; when a predetermined integrated reac tor -
power value is reached, the reactor is scrammed by the automatic control 
system. The oscillograph records the reactor power, integrated power, 
sample tennperatures, tin:iing lines, etc., and the camera records the physi­
cal responses of the sample. The camera runs until the entire reel of film 
is exposed, approximately 16 sec. 

* 
C. Description of Transparent Capsule 

Figure 2 is a photograph of the disassembled t ransparent capsule 
used in these experiments . As can be seen, the capsule has three main 
par ts : the water tube, the capsule, and the slot l iner. Figure 3 is a photo­
graph of the fuel sannple in a water tube of the original design. The fuel 
sample is inserted into slots milled in the two graphite pins, which are in­
serted in the graphite block. This subassembly is lowered into the 0 . l6 -cm-
thick quar tz-glass tube. The background was made by laying s tr ips of black 
tape on the back of the tube and then covering the entire back with white 
RTV (room-tempera ture vulcanizing) silicone rubber. Approximately 100 cc 
of demineralized water is added to the water tube. 

During the experiments, two modifications were made to the water-
tube assembly. The first modification was required to eliminate darkening 
of the rectangular quar tz-glass tubes during the t ransients . The tubes were 
originally extruded in a c i rcular c ross section and then drawn over a man­
drel to obtain the rectangular shape. Apparently the tubes had absorbed 
impurit ies from the nnandrel, result ing in radiat ion-sensit ive tubes. These 
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t ubes w e r e r e p l a c e d by U - s h a p e d s t a i n l e s s s t e e l t ubes to wh ich q u a r t z -
g l a s s windows w e r e a t t ached with RTV s i l i c o n e r u b b e r . The s t r i p e d b a c k ­
ground was m a d e on a s t r i p of thin s t a i n l e s s s t e e l , wh ich w a s i n s e r t e d m 
the back of the w a t e r tube . 

The second modi f ica t ion was the r e p l a c e m e n t of the so l id g r a p h i t e 
f u e l - s u p p o r t p ins with hollow a l u m i n a t u b e s . T h i s m o d i f i c a t i o n r e d u c e d the 
hea t l o s s f rom the s a m p l e to the s u p p o r t p i n s . 

The c a p s u l e i s des igned to con ta in s a m p l e f r a g m e n t s , w a t e r , and 
g lass f r a g m e n t s in the event of s h a t t e r i n g of the w a t e r t ube . T h e o v e r a l l 
d i m e n s i o n s of the l 6 - g a u g e s t a i n l e s s s t e e l c a p s u l e a r e 47 by 45 by 4 .75 c m . 
The capsu l e window is m a d e of h i g h - p u r i t y g l a s s , wh ich is no t d i s c o l o r e d 
by r ad i a t i on r e c e i v e d in the r e a c t o r . This window is s e a l e d i n s i d e a s t a i n ­
l e s s s t ee l f r a m e with RTV s i l i cone r u b b e r . The f r a m e is bo l t ed to t he 
capsu l e with a s i l i c o n e - r u b b e r ga ske t be tween the f r a m e and the c a p s u l e . 
The s m a l l hook on the lower end of the window f r a m e is u s e d to w i t h d r a w 
the capsu l e f r o m the s lo t l i ne r fol lowing an e x p e r i m e n t . To f a c i l i t a t e c a p ­
sule purg ing , s t a i n l e s s s t e e l tubing ex t ends f r o m the b o t t o m of the c a p s u l e 
to the opening in the top of the c a p s u l e . R u b b e r tubing c o n n e c t s the top of 
the s t a i n l e s s tubing to the in le t l ine in the s lo t l i n e r . 

^^Ht 

ILEAD • 
IwiRESM 

lGast<^1 

» 

^ r f | ^ P i i B r , F 

S^^9 
^I^^^^H 

^ L ' , ' " ^ ^ ^ ^ K ^ ^ T i N E R _ ^ H 

™|^^^*''^fe^* 
SS^TK^J "ST̂  

^mk 

SLOT LINER 
WINDOW 

^^^^^^m* 

^ ^ ^ ^ , 
j ' 

jf 

CAPSULE 
WINDOW 

F*HB 

*-̂ ^H 

^•£^£ULE 

^̂ r ^^^K 

WJL ' ^ ^ ^ 1 

^ H 5 A U P L £ H H H H | ^ H 

• 'llpl^ 

FWATER T U B E ^ ^ H ^ ^ H H 

ID-103-7358 Rev. 1 

Fig. 2. Disassembled Transparent Capsule 
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The 1 4 - g a u g e , Type 304 s t a i n l e s s s t ee l s lo t 
l i n e r h a s o v e r a l l d innens ions of 53 by 86 by 7.6 c m . 
The h i g h - p u r i t y g l a s s window, which bol t s on the 
f ront of the s lo t l i n e r , m o u n t s in a se t of s m a l l 
dowel s and is s e a l e d by an e x t e r i o r f r a m e and a 
p a i r of s i l i c o n e - r u b b e r g a s k e t s . The f r a m e holds 
the window at a 5° angle to p r e v e n t the r e f l ec t i on 
of e x t e r i o r l ight off th i s window into the c a m e r a . 
The f ront of the s lo t l i n e r h a s been r e i n f o r c e d on 
both s i d e s wi th s t a i n l e s s s t ee l p l a t e s to r e s t r i c t 
p r e s s u r e - i n d u c e d bowing of the s i d e s , which could 
r e s u l t in the g a s k e t be ing blown out f rom behind 
the window and the l o s s of the l e a k - t i g h t s e a l . An 
i n t e r n a l p r e s s u r e of 32 ps ig will blow out the g a s ­
ket , but at l e a s t twice that p r e s s u r e can be con ta ined 
if the s i d e s of the s lo t l i n e r a r e r e s t r a i n e d by aux­
i l i a r y s u p p o r t s , such as the fuel e l e m e n t s in the 
r e a c t o r . The back half of the s lo t l i n e r i s c o m ­
p l e t e l y l ined wi th r e a c t o r - g r a d e g r a p h i t e to act a s 
a t h e r m a l b a r r i e r in the event fuel f r a g m e n t s m e l t 
t h r o u g h the c a p s u l e ; in the a s s e m b l e d conf igu ra t ion , 
the c a p s u l e is thus e n c l o s e d on five s i d e s by the 
g r a p h i t e l i n e r . 

In the top of the s lo t l i n e r n e a r the window 
a r e l ead w i r e s , an e l e c t r i c a l c o n n e c t o r , and two 
p u r g e l i n e s . The e l e c t r i c a l c o n n e c t o r is po t ted in 
r e s i n for a l e a k - t i g h t s e a l . The in le t p u r g e l ine 
is c o n n e c t e d to th^ bo t tom of the c a p s u l e , and the 
ou t le t p u r g e l ine beg ins at the bo t tom of the s lo t 
l i n e r . A s p e c i a l hand le bol t s to the s lo t l i n e r at 
the bottonn of the window f r a m e to f ac i l i t a t e in­

s e r t i n g and w i t h d r a w i n g the a s s e m b l y f r o m the r e a c t o r . The s lot l i n e r is 
d e s i g n e d to p r o v i d e l e a k - t i g h t c o n t a i n m e n t for f i s s ion g a s e s r e l e a s e d d u r ­
ing the e x p e r i m e n t s and to p r o v i d e backup c o n t a i n m e n t for the c a p s u l e . 

ID-103-1359 
Fig. 3. Pretransient Fuel Sample 

Mounted in Water Tube 

The l a m p s u s e d to i l l u m i n a t e the s a m p l e s a r e Sy lvan ia 1000-W 
q u a r t z - i o d i n e "Sun-Gun" l a m p s . E a c h l a m p is m o u n t e d in a s t a i n l e s s s t e e l 
l ight sh ie ld wi th a b u i l t - i n r e f l e c t o r . When t h e s e l ight un i t s a r e moun ted at 
the top and b o t t o m of the c a p s u l e , the l a m p s a r e at a 30° ang le wi th r e s p e c t 
to the window to p r o v i d e o p t i m u m p h o t o g r a p h i c cond i t i ons . 

After the t h r e e m a i n p a r t s of the c a p s u l e have been put t o g e t h e r , the 
a s s e m b l y i s p u r g e d wi th h e l i u m to r e d u c e the oxygen con ten t to l e s s than 
2%, and the s lo t l i n e r i s l e a k - c h e c k e d at 7 p s i g wi th a h e l i u m l eak d e t e c t o r . 
Af ter the i n t e r n a l p r e s s u r e is r e d u c e d to a t m o s p h e r i c , the a s s e m b l y is 
r e a d y for i n s e r t i o n into the r e a c t o r . 
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D. D e s c r i p t i o n of S a m p l e s 

The individual fue l -p l a t e s a m p l e s a r e 1.5 c m wide and 3.5 c m high 
and a r e cut f r o m a l a r g e p l a t e , which was f a b r i c a t e d by the c o n v e n t i o n a l 
" p i c t u r e - f r a m e " t echn ique . This m e t h o d of f a b r i c a t i o n r e s u l t s in a s a m p l e 
whose h e a t - t r a n s f e r s u r f a c e is c o m p a r a b l e to tha t in m a n y r e a c t o r s u s i n g 
p l a t e - t y p e , a l u m i n u m - c l a d fuel. The s a m p l e s have a 0 . 0 5 1 - c m - t h i c k a l loy 
fuel c o r e ; th is u r a n i u m - a l u m i n u m a l loy is 23 w / o fully e n r i c h e d u r a n i u m . 
The fuel c o r e is c lad on both s ide s wi th 0 . 0 5 1 - c m - t h i c k Type 606 l a l u m i ­
n u m . The al loy fuel s a m p l e s a r e i den t i ca l in c o m p o s i t i o n and c o n s t r u c t i o n 
to the S P E R T 1-D fuel . 

E . F i s s i o n - e n e r g y R e l e a s e 

To d e t e r m i n e the f i s s i o n - e n e r g y r e l e a s e in the s a m p l e in the e x ­
p e r i m e n t s , r a d i o c h e m i c a l a n a l y s e s w e r e m a d e for the f i s s i o n p r o d u c t 
m o l y b d e n u m - 9 9 in i r r a d i a t e d s a m p l e s . A s a m p l e was p l a c e d in the a u t o ­
c lave as d e s c r i b e d in Sec t ion C above and s u b j e c t e d to a n u c l e a r t r a n s i e n t . 
The i r r a d i a t e d s a m p l e was then s u b m i t t e d to t he A n a l y t i c a l C h e m i s t r y g roup 
of A N L - I d a h o . Ana ly t i ca l r e s u l t s w e r e ob ta ined in the f o r m of f i s s i o n s p e r 
g r a m of s a m p l e ; s ince the e n t i r e s a m p l e was d i s s o l v e d for the a n a l y s i s , the 
r e s u l t s w e r e b a s e d on the to ta l we igh t of fuel c o r e and c l a d d i n g . The 
f i s s i o n s - p e r - g r a m va lue was then c o n v e r t e d to a c a l i b r a t i o n f a c t o r of c a l ­
o r i e s of f i s s ion e n e r g y r e l e a s e d p e r g r a m of s a m p l e p e r m e g a w a t t - s e c o n d 
of r e a c t o r p o w e r ( c a l / g - M W s e c ) , a s s u m i n g a p r o m p t f i s s i o n e n e r g y r e l e a s e 
of 172 MeV p e r f i s s ion . Only the p r o m p t e n e r g y r e l e a s e is c o n s i d e r e d b e ­
c a u s e a typ ica l r e a c t o r t r a n s i e n t , such as the one of e x p e r i m e n t M W T - 1 0 , 
r e a l i z e s 90% of the e n e r g y r e l e a s e in one -ha l f s e c o n d . 

Of the 14 s a m p l e s s u b j e c t e d to t r a n s i e n t i r r a d i a t i o n , the s a m p l e s 
f r o m e x p e r i m e n t s M W T - 1 , - 2 , and -8 w e r e s u b m i t t e d for c a l i b r a t i o n a n a l y ­
s i s ; in M W T - 8 the s a m p l e was m e l t e d . T a b l e I s u m m a r i z e s the r e s u l t s of 
t h e s e a n a l y s e s . 

T A B L E I. C a l i b r a t i o n F a c t o r s for T r a n s p a r e n t C a p s u l e 
E x p e r i m e n t s : A l l o y - t y p e P l a t e S a m p l e s 

I n t e g r a t e d C a l i b r a t i o n F a c t o r 
E x p e r i m e n t P o w e r , of S a m p l e , 

No. F i s s i o n s / g r a m M W s e c c a l / g - M W s e c 

3.30 

3.24 

3.35 

M W T - 1 

M W T - 2 

M W T - 8 

1.58 X 10'^ 

3.20 x 10'^ 

8.00 X 1 0 " 

31.5 

65 

157 
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Table I indicates that a calibration factor of 3.30 cal^g-MWsec can 
be used with a relatively high level of confidence. The resul ts of MWT-8 
indicate that sample melting and s team blanketing did not affect the neutron 
flux and resultant energy re lease in the sample. 

F , Temperature Measurements 

Post t ransient exannination of the first group of experiments in which 
the alumina support pins were substituted for the graphite pins (MWT-8, -9, 
-10, and -11) revealed that the sample tended to adhere to the alumina pins. 
Since the molten samples were thus maintaining a constant position for a 
significant period of t ime, it appeared possible to attach thermocouples to 
the samples and maintain contact, even though the samples were molten. To 
evaluate this possibility, Fiberglas- insulated, 0.025-cm-diam Chromel-
Alumel thermocouples were installedin the samples for experiments MWT-13, 
-14, and -15 . The technique developed entails drilling a 0.063-cm-diam hole, 
approximately 0.5 cm deep, into the edge of the sample. The thernnocouple 
wires are twisted together and inserted in the hole, and the cladding on both 
sides of the hole is peened onto the junction. Normally, two thermocouples 
are used, one near the upper edge and the other near the lower edge of the 
sample. The lead wires a re run down through the support pins, out the side 
of the graphite block, and on to an electr ical connector, which nnates with 
the connection potted into the slot l iner. 

The temperature data obtained from these three experiments ap­
peared to be good. In MWT-13, and -15, the thermocouple wires were 
melted, indicating sample tempera tures of at least 1430°C, the nnelting 
tenaperature of Chronnel wire. 

Bare 0.025-cm-diam tungsten/5% rhenium-tungsten/26% rhenium 
thermocouple wire was obtained to preclude thernnocouple-wire nnelting. 
The junction was formed by welding the ends of the wires together with the 
lead-in sections covered by braided F iberg las . These thermocouples were 
installed as described above, and good data were obtained in experiment 
MWT-18. The thermocouple signals were calibrated for a maximum signal 
above 1000°C, so that the thermocouple signals at the beginning of the t ran­
sients were quite small and not accurate . There also appears to have been 
some thermal lag because of the extreme r i se rates encountered. Other 
e r r o r s were induced by not knowing the exact location of the junction sup­
plying the signal. 

G. Photography Details 

Before the first experiments were performed, tr ial photographs 
were taken. Various types of film, lamp configurations, cainera settings, 
etc. , were evaluated to determine the optimum conditions for the experi­
ments . These t r ia l s resulted in the use of two quartz-iodine lannps operated 
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at 90 V each. Four-hundred-foot rolls of Ektachrome ERB high-speed co or 
film were used in the Fastax WF-14 camera at a nominal film speed of 
1000 frames per second. At this speed, 1 min of developed film projection 
1 . i , , r ii • t A 1 c; 7=1- or 25.4-cm lens was 

shows approximately 1 sec of the experiment. A i's.co UJ. ^-J. i A r 
used, depending upon the field of view desired, at an f-stop setting of 4.5. 

The camera has two separate lenses, which provide simultaneous 
photography of two separate view fields on each frame; one view is of the 
experiment fuel sample, and the other is of an oscilloscope screen. The 
oscilloscope shows a time signal with a short pulse every mill isecond and 
a wide pulse every 10 msec . The oscilloscope also provides a reactor 
power signal with a pulse rate that is proportional to reactor power. 
Plotting the pulse rate as a function of time enables the point of peak power 
to be established on the film, and this point can be assigned the r ea l - t ime 
value at which the peak reactor power occurred. The real t ime and the 
energy input at which each photographed event occurs are then readily ob­
tainable. The technique is accurate to within 10 msec . 
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III. EXPERIMENTAL RESULTS 

For the transient heat- t ransfer calculations, the significant results 
are the time and the in tegra ted-nuclear -energy-re lease values at which 
the various temperature-dependent events initially occur. Table II sum­
mar izes the relevant experimental data. The unlisted experiments did 
not yield any data that could be used for the present study, and not all 
events could be seen in the films of the experiments listed in the table. 
Some of the scat ter in the data is due to the relative position of an event 
in the transient power pulse. This is part icularly true for those events 
that occur at the higher-energy re leases . The data presented were obtained 
from a family of power pulses with various power peaks and transient 
widths. These factors obviously affect the time and energy-release values 
necessary to realize a part icular event. The nucleate and film boiling 
were least affected by these variables in the experiments, since they both 
occur early in the t rans ients . 

TABLE II. Summary ol Events: Alloy Fuel Samples 

Exp No. 

MWT-4 
MWT-9 
MWI-10 
MWT-11 
MWT-12 
MWT-13 
MWT-M 
MWT-18 

Period, sec 

0.139 
0.113 
0.108 
0.108 
0.108 
0.115 
0.285 

Nucleate 
Boiling 

. 
-
-26 

-26 
24 

0.109 ^_ 

Average: 25.3 

Film 
Boiling 

_ 
-
-

66 
69 

67.5 

Nuclear Energy Release prior 

Sample 
Melt 

270 
224 
307 
231 
224 
267 

None 
247 

253 +54 
-29 

Incandescence 

391 
298 
361 
297 
320 
379 

None 
373 

346 +45 
-49 

to Event, cal/g of Sample 

Hydrogen 
Bubbles 

None 
322 

-330 
349 
469 
None 
535 

401 '134 
-79 

Fine AI2O3 

None 
None 
411 
537 
512 

None 
None 
547 

502 •45 
-91 

Fragmentation 

None 
None 
None 
726» 

747 
None 
None 

772 
748 '24 

-22 

^Ttiis fragmentation occurred after the transient isee Fig. C.4i. 

Nucleate boiling is defined in this study as the appearance of short­
lived, discrete steam bubbles. Initially these bubbles have a diameter of 
about 0.06 cm. The reflection of light off the vapor-liquid interface 
reveals their presence . 

Film boiling is defined in this study as the appearance of a stable 
vapor film over the vert ical face of the sample. Again, the reflection of 
light off the undulating vapor-liquid interface reveals the presence of the 
film boiling. This is probably stable film boiling and occurs later in the 
transient than the point of DNB. 

The relevant data are presented more completely in Appendix C, 
where each experiment is represented graphically and tabularly. The 
time scales used for these presentations have arbi t rary zero values. 



IV. METHOD OF CALCULATION 

A. Introduction 

The calculations reported here are divided into three segments, 
each covering different heat-transfer conditions. The first segment covers 
conduction heat transfer from the initiation of the t ransient until nucleate 
boiling begins; the second segment, nucleate and film boiling up to sample 
melting; the third segment, film boiling on the molten sample. 

For the first two calculational segments, experiment MWT-13 is 
taken as a representative experiment. The energy-re lease rate and the 
time of occurrence for nucleate boiling, film boiling, and sample melting 
are those experimentally determined. The molten-sample calculations 
are based on the average energy-release values for any given event as 
presented in Table II. 

B. Conduction Heat Transfer 

Before nucleate boiling, the heat- t ransfer mechanism is assumed 
to be only conduction through the fuel sample and water . This assumption 
is based on the fact that the vertically oriented sample is immersed in a 
pool of stagnant water, and the time interval for significant energy re lease 
under these conditions is less than 0.6 sec. The l i te ra ture contains 
several references'"^'* to the same assumption for s imilar conditions. 
In support of this assumption, the calculated thermal-expansion rate of 
the 0.025-cm-thick layer of water adjacent to the sample is 10 c m / s e c 
at the time nucleate boiling begins, at the same time the expansion rate 
for the upper edge of the fuel sample is 17 c m / s e c , thus counteracting 
the initial natural convection effect. 

The T H T B ' " computer program is used for the first calculational 
segment, i.e., the conduction heat t ransfer . The program is highly flexible 
and for this study incorporates a variable internal-heat-generat ion ra te , 
temperature-dependent physical propert ies , a t ime- increment value of 
0.01 sec, and unidirectional heat flow. The program uses the general 
heat-balance equation for each calculational node to calculate the node 
central temperature, using the input data provided. The process is 
repeated for each time increment. 

The calculational model is a 0.025-cm-square segment of one-half 
of the fuel sample, i.e., one-half of the fuel core, the cladding on one side, 
and the adjacent water. The 0.025-cm-thick fuel is the first node, followed 
by two 0.025-cm-thick nodes of cladding. At the surface of the model fuel 
sample are three nodes of 0.025-cm-thick water, followed by a 0.025-cm-
thick bulk-water heat sink with a high heat capacity. 
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At time zero in a reactor transient, the reactor is operating at a 
power level of 50 W, which resul ts in a sample energy-re lease rate of 
1.65 X 10"* c a l / g - s e c . The reactor power r i ses to approximately 1 MW 
in 1.0 sec, and at this time the computer calculation is begun, since the 
energy-re lease rate in the sample has reached a significant level. During 
the initial 1.0 sec, approximately 0.5 cal /g of sample has been released, 
but this value is not considered. The conduction calculation is terminated 
0.57 sec later, the time of incipient nucleate boiling, thus giving the heat-
transfer conditions immediately before nucleate boiling. 

C. Boiling Heat Transfer up to Sample Melting 

The lack of transient, subcooled, pool-boiling correlat ions and 
data increases the difficulty of calculating the heat transfer from the 
sample. To circumvent this problem, the physical propert ies of the 
sample, the energy-re lease data, and the time-of-event data for initial 
nucleate boiling, film boiling, and sample melting are used to calculate 
heat- t ransfer conditions at specific t imes . Starting at sample melting, the 
calculations are ca r r ied back to the tinne the sample initially attains the 
melting tempera ture , to the time of initial film boiling, and to the time of 
initial nucleate boiling; i.e., the calculations are performed in reverse of 
the actual sequence of events. Thus the end of this calculation coincides 
with the end of the conduction calculation. 

The calculation begins at the time the sample melts , because the 
sample heat content (assuming no solid-state superheating of the sample), 
the sample energy re lease , and the sample temperature are known at this 
t ime. To determine the time the sample initially attains the melting tem­
perature, the following are subtracted from'the sample energy release at the 
time the sample melts : (a) the heat of fusion of the sannple, and (b) the 
heat loss from the sample while the heat of fusion is being released in the 
sample. The resul t is the energy re lease in the sample when the melting 
temperature is attained, and the corresponding time value is directly 
determined from the ene rgy- re l ease -ve r sus - t ime data. While the heat 
of fusion is being released, the sample is steam-blanketed and loses heat 
pr imari ly by film boiling, together with a small amount of radiant heat 
t ransfer . 

To calculate the heat - t ransfer conditions at the tinne of initial film 
boiling, a t r i a l - a n d - e r r o r energy balance is made from the time the sample 
initially attains its melting temperature back to the tinne of initial film 
boiling. When the sample initially attains its melting temperature , the 
time, the sample energy re lease , and the sample temperature are known. 
At the time of initial film boiling, the time and the sample energy re lease 
are known. The two unknowns in the energy-balance equation are the 
film-boiling heat loss and the sample temperature at the tinne of initial 
filnn boiling; these two values are determined by the calculation. The time 
of initial film boiling is approximately equal to the tinne of maximum 
nucleate-boiling heat flux. 



20 

A stable film-boiling coefficient was calculated by use of Bromley s 
correlation for saturated film boiling and was applied to the subcooled tUm-
boiling condition of this calculation. The coefficient probably would be higner 
for subcooled boiling, but Bromley's data do not indicate a gross change in 
the coefficient value over a temperature differential change of a few hundred 
degrees centigrade. Since the same basic mechanism is involved, Bromley s 
data should be indicative of the order of magnitude of change involved in the 
subcooled case. Thus, the calculated coefficient should be satisfactory for 
this calculation. 

The overall heat-transfer coefficient from the steam-blanketed 
sample fuel plate at 640°C, the sample melting temperature , was also ca l ­
culated by using the theoretically derived correlation of Hamill and 
Baumeister . ' In this instance, there is no significant difference between 
the Hamill and Baumeister coefficient and the Bromley coefficient. 
Appendix B contains sample calculations of the two coefficients. 

The following assumptions are made to facilitate the calculation 
of heat-transfer conditions during the transient nucleate boiling: 

1. The temperature gradient across the sample is directly 
proportional to the surface heat flux. 

2. The sample temperature at initial nucleate boiling is equal to 
the sample temperature determined by the final conduction calculation. 

3. The mean sample tennperature at the peak nucleate boiling 
is equal to the mean sample temperature calculated for initial film boiling. 

4. The mean nucleate-boiling heat flux occurs at a mean sample 
temperature equal to the mean between the final sample temperature 
determined by the conduction calculation and the sample temperature at 
initial film boiling. 

5. The nucleate-boiling heat flux is proportional to the energy-
release rate in the sample and the cube of the difference between the bulk 
water temperature and the sample surface tempera ture . 

These assumptions, together with the calculated mean heat flux, permit 
the initial and final nucleate-boiling heat-flux values and the sample surface 
temperature at the peak flux to be calculated. 

D. Heat Transfer from a Molten Sannple 

The temperature range beyond the melting point of the fuel sample 
is important, because it is in this range that the rate of chemical reaction 
between aluminum and water beconnes significant. Such a calculation 
cannot be precise because of many imprecisely known values, such as the 
energy input at the time of an event, surface area, and surface emlssivi ty. 
The following assessment can be made, however. 
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Table II l ists the average energy re lease at the time of any given 
event in this ser ies of exper iments . The average energy re lease required 
to take a sample from melting to vapor-phase chemical reaction is 261 cal/g. 
Using this energy value, together with a sample heat capacity of 0.24 cal/g-°C 
and the 640°C melting tennperature, one can calculate a sample temperature 
of 1730°C for the beginning of the vapor-phase chemical reaction. It has been 
established' that the vapor-phase chemical reaction has a threshold tennpera­
ture of I750°C. Based on this calculation, it appears that the heat loss and 
energy re lease from the molten sample are within the overall accuracy range 
of the values for sannple heat capacity, energy release at the tinne of event, 
etc., for the molten sample. 

The same technique can be used to calculate an approxinnate sannple 
tennperature for those events that occur within the range of 640 to 1750°C. 
This technique is not satisfactory for calculating the sample fragnnentation, 
however. 
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V. RESULTS AND DISCUSSIONS 

A. Conduction Heat Transfer 

WATER 
FILM 
No. I 

SATURATION TEMP(95'C) 

X - CALCULATED VALUES 

WATER 
FILM 
No.Z 

WATER 
FILM 
No.3 

The THTB p r o g r a m ca lcu la t ed the t e m p e r a t u r e of e a c h of the s e v e n 
nodes in the mode l on 0 .01 - sec i n t e r v a l s up to the t i m e of i n c i p i e n t n u c l e a t e 

boi l ing, a p e r i o d of 0.57 s e c . F i g u r e 4 
p r e s e n t s the t e m p e r a t u r e p ro f i l e a c r o s s 
the c a l c u l a t i o n a l m o d e l a t the t i m e of 
inc ip ien t n u c l e a t e bo i l i ng . As c a n be 
s e e n f rom the f igu re , the c l add ing s u r ­
face t e m p e r a t u r e is 126°C a t t h i s t i m e , 
and the m e a n s a m p l e t e m p e r a t u r e is 
127°C. 

The t e m p e r a t u r e p ro f i l e d r a w n 
be tween the c a l c u l a t e d po in t s i n d i c a t e s 
a s u p e r h e a t e d w a t e r l a y e r , a p p r o x i m a t e l y 
0.002 c m thick, ad j acen t to the s a m p l e . 
The exac t t h i c k n e s s and t e m p e r a t u r e of 
a s u p e r h e a t e d l a y e r a r e open to d i s c u s ­
sion, but the p rof i l e p r e s e n t e d shou ld 
give s o m e ind ica t ion of the t r u e s i t u a t i o n . 

ID-103-7585 

Fig 4. Calculated Temperature Profile 
at Incipient Nucleate Boiling: 
Experiment MWT-13 The c a l c u l a t e d conduc t ion h e a t 

flux at. the t i m e of i nc ip i en t n u c l e a t e 
boil ing is 6 c a l / s e c - c m ' . The hea t l o s s f rom the s a m p l e d u r i n g conduc t ion 
is ca l cu l a t ed f rom the t e m p e r a t u r e i n c r e a s e of the w a t e r and h a s a va lue 
of 4.5 c a l . Sample and w a t e r t e m p e r a t u r e s a s a function of t i m e a r e p r e ­
sen ted l a t e r in F i g . 5, t oge the r with da ta tha t c o v e r s a m p l e t e m p e r a t u r e 
up to film boi l ing . 

B . Boil ing Hea t T r a n s f e r up to Sample Mel t ing 

F r o m p h y s i c a l p r o p e r t y d a t a , ' ' the s a m p l e e n e r g y con t en t at m e l t i n g 
is known to be 248.5 c a l / g with a hea t of fusion of 80 c a l / g . In the h i g h ­
speed f i lms , the s a m p l e is s e e n to m e l t a t 1.89 s e c , and i t h a s b e e n c a l c u ­
la ted that the hea t of fusion is r e l e a s e d in the s a m p l e d u r i n g the p r e c e d i n g 
0.06 s e c . F r o m B r o m l e y ' s f i lm-bo i l i ng c o r r e l a t i o n , the h e a t flux f rom the 
640°C s a m p l e dur ing the 0 . 0 6 - s e c i n t e r v a l i s 3.3 c a l / s e c - c m ' . The to ta l 
hea t l o s s dur ing th is i n t e r v a l is a p p r o x i m a t e l y 1 c a l / g and d o e s not change 
the t i m e i n t e r v a l du r ing which the s a m p l e is a t 640°C. B r o m l e y ' s c o r r e l a ­
tion y ie lds a r a d i a t i o n l o s s of 3.5% of the to ta l l o s s , the to ta l l o s s be ing 
s l igh t ly ove r 1% of e n e r g y r e l e a s e d while the s a m p l e is a t 640°C. 

To d e t e r m i n e the s a m p l e t e m p e r a t u r e a t the t i m e fi lm boi l ing 
beg ins (1.69 s e c , as s e e n in the h i g h - s p e e d f i lms ) , a s e r i e s of e n e r g y -
ba l ance c a l c u l a t i o n s is m a d e f rom 1.83 s ec back to 1.69 s e c ; the e n e r g y 
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re lease , the sample heat content, and the heat loss are included in the 
calculations. This calculation resul ts in a nnean sample tennperature of 
227°C at initial film boiling. The mean film-boiling heat flux from 1.69 to 
1.83 sec, based on a mean sample temperature of 433°C, is 2.2 c a l / s e c - c m ' . 
The energy release during this interval is 120 cal /g, and the heat loss is 
approximately 1.5 cal /g , with the radiation loss being insignificant. 

For the time periods and sample temperatures realized during 
film boiling, any chemical reaction that occurred between the aluminum 
and water did not re lease sufficient energy to be significant, based on the 
experimental study of the chennical react ion. ' 

During the 0.12 sec of nucleate boiling, the mean sample tennpera­
ture increases from 127 to 227°C, the sample heat content increases fronn 
26 to 50 cal /g, and the energy release is 40 cal /g; the heat loss thus equals 
40% of the energy re lease . Using this value together with the energy release 
data and the assumptions listed in Section IV.C, the calculated incipient-
nucleate-boiling heat flux is 5 c a l / s e c - c m ' and the peak-nucleate-boiling 
heat flux is 88 c a l / s e c - c m ' . The value of 5 c a l / s e c - c m ' is in reasonable 
agreement with the value of 6 c a l / s e c - c m ' deternnined by the transient 
conduction calculation, considering the assumptions incorporated in the 
transient-nucleate -boiling calculation. 

Based on the preceding conduction and film-boiling heat- t ransfer 
calculations and the assumptions listed in Section IV.C, the mean sample 
temperature and the sample surface temperature at incipient- and peak-
nucleate-boiling heat flux are as follows: At incipient nucleate boiling, 
the sample surface temperature is 126°C and the mean sample tempera­
ture is 127°C. At peak-nucleate-boiling heat flux, the sample surface 
temperature is 213''C and the mean sample temperature is 227°C. 

Table III summarizes the transient heat- transfer conditions in 
experiment MWT-13 as determined by the conduction and film-boiling 
calculations and the assumptions in Section IV.C. This table is based on 
a calculational model 3.81 cm high by 0.13 cm wide by 0.076 cm thick with 
unidirectional heat flow. 

Heat-
transfer 

Condition 

TABLE III. Calculated Transient Heal Transfer through Sample Melting 

Time 
Interval, 

sec 

Final Sample 
Heat Content. 

cal 

Final 
Surface 

Temp, "C 

Integrated 
Energy 

Release, cal 

Calculated Time-
interval Heat 

Loss, cal 

No transfer 

Conduction 

Nucleate 
boiling 

Film 
boiling 

Film 
boiling at 
64ff'C 

0 - l . W 

1.00 - 1.57 

L57 - 1.69 

L69 - 1.83 

1.83 - 1.89 

4 

27 

51.5 

173 

256 

22 

126 

213 

640 

640 

0 

27 

68 

191 

275 

0 

4J 

ULS 

u 

1 
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F i g u r e 5 p r e s e n t s the ca l cu l a t ed s a m p l e t e m p e r a t u r e s up to the 
t i m e of in i t i a l film boi l ing and the w a t e r - f i l m t e m p e r a t u r e s up to the t i m e 
of in i t i a l nuc lea te bo i l ing . Also p r e s e n t e d a r e the t e m p e r a t u r e s i n d i c a t e a 
by the two t h e r m o c o u p l e s loca ted in the s a m p l e . T h e s e t h e r m o c o u p l e s 
w e r e c a l i b r a t e d for a fu l l - s ca l e r ead ing of 1500°C; thus t h e i r s i g n a l s in 

the r a n g e u n d e r c o n s i d e r a t i o n 
a r e not v e r y a c c u r a t e . The 
shape of the t h e r m o c o u p l e 
va lue s as a function of t i m e a r e 
in g e n e r a l a g r e e m e n t wi th the 
shape of the c a l c u l a t e d v a l u e s , 
wi th s o m e t h e r m a l lag a p p a r e n t . 
The t h e r m o c o u p l e s do i n d i c a t e , 
h o w e v e r , a m u c h l o w e r s a m p l e 
t e m p e r a t u r e a t the t i m e of 
in i t i a l f i lm bo i l ing , wh ich would 
be ind i ca t ive of h i g h e r h e a t - f l u x 
v a l u e s du r ing n u c l e a t e b o i l i n g . 
The o v e r a l l a c c u r a c i e s of the 
c a l c u l a t e d and i n d i c a t e d v a l u e s 
a r e such tha t the d i s a g r e e m e n t 
m a y not be s ign i f i can t . 

1D-103-7S87 
Fig. 5. Calculated and Indicated Sample 

Temperatures up to Film Boiling: 
Experiment MWT-13 

T a b l e IV p r e s e n t s the 
only da ta found in the l i t e r a t u r e 
which a r e c o m p a r a b l e to tha t 

r e p o r t e d i m m e d i a t e l y above . A l so p r e s e n t e d a r e the s a m p l e s u r f a c e t e m ­
p e r a t u r e s a t inc ip ient nuc l ea t e boi l ing (N.B.) and in i t i a l f i lm bo i l ing (F .B . ) 
and the hea t - f lux va lues a t inc ip ien t and m a x i m u m n u c l e a t e b o i l i n g . 

TABLE IV. Comparison of Surface Temperature and Heat Flux at Boiling Conditions 

Reference 

This study 

Rosenthal & 
/aillera 

Johnson et a\P 

Johnson et a}.'' 

TN.B.. °C 

126 

100 

118 

117 

Q/A for Nucleate Boiling, 
cal/sec-cm2 

Incipient 

5 

NA 

13 

11 

Maximum 

88 

<75 

102 

106 

TF B.. °C 

213 

NA 

121 

157 

Period, msec 

100-200 

-100 

85 

87 

^Extrapolated, ambient pool temperature. 
''Horizontal ribbon, pool water temperature = 37.5°C. 

In all the referenced experimental data, a small thin platinum 
ribbon was electrically heated. When incipient nucleate boiling was 
attained, the ribbon tennperature fell because of the rapid heat dissipation 
from the low-thernnal-capacity ribbon. Miller^ reports no drop in the 
sample temperature, as evidenced by no brief disappearance in the steam 
bubbles at initial nucleate boiling, contrary to the resul ts reported by the 
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two reference studies in Table V. Miller attr ibutes nondropping of the 
sample temperature to the finite heat capacity of his sample. In the 
present study, there was no evidence of a drop in sample temperature , 
i.e., no temporary disappearance of steam bubbles at the time of initial 
nucleate boiling. This apparently is due again to the finite heat capacity 
of the sample. 

The various comparative values presented in Table IV do not agree 
precisely. This is not unexpected, since the experimental conditions and 
techniques and the calculation methods are different. Rationalizing the 
various differences is virtually impossible, but the following evaluation 
can be made. 

In this study, a small e r ro r in determining the time of initial film 
boiling seen in the films would significantly change the resul ts because of 
the high energy-re lease rate in the sample at the t ime. The initial film-
boiling temperature could thus be lower, and the maximum nucleate-boiling 
heat-flux value could be grea te r . Since only stable film boiling could be 
seen in the films, the sample temperature reported here for initial film 
boiling is higher than would be reported if point of departure from nucleate 
boiling (DNB) could have been determined. In the reference works, DNB is 
reported; thus it is not surprising that high sample temperatures and low 
heat-flux values were determined. In addition, Johnson^ states that the 
thermal capacity of the heating surface is of great importance in its effects 
upon the burnout heat flux. Further elaboration on this point is lacking. 

The data reported here cannot be taken as precise , because there 
are obvious sources of e r r o r . For example, (a) the time of occurrence for 
a given event has an accuracy range of ±0.t)l sec, because the initial event 
had to be picked off moving film rather than from individual frames; (b) the 
energy-re lease data obtained from the reactor is at the low end of the data 
scale thus possessing an inherently larger accuracy range; and (c) a small 
change in energy- re lease or heat-content values can result in a significant 
change in sample tempera ture . 

These e r r o r s could not be avoided, since the experiments were not 
designed as heat - t ransfer experiments and the heat- t ransfer calculation 
had to be made with the information that was available. The data do, however, 
give a good indication of the events and their corresponding values in an 
area that has not been empirically considered before. Many of the test 
conditions are typical of a number of reac tors ; the fuel-sample construction 
is typical of many reactor fuels, the surface condition of the sample is 
typical of plate-type aluminum fuel, and the water quality is typical of the 
water quality in many r e a c t o r s . The applicability of the energy-re lease 
period depends, however, on the system being considered. 
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C. Heat Transfer from a Molten Sample 

This study has been continued beyond the melting points of the alloy 
fuel sample. This upper temperature range is highly significant, because 
here the rate of chemical reaction between aluminum and water becomes 
significant during reactor transients. Calculations in this range cannot be 
precise, because of the many unknowns, such as surface emissivity and 
surface area. The following evaluations can be made, however. 

Table II shows that the average energy release from^sample melting 
(640°C) to the formation of fine AljO, reaction product (1750°C ) is 270 ca l /g . 
With a sample heat capacity of 0.24 cal/g-°C* for the range, the energy 
required to effect this temperature change is 274 cal /g . This shows that 
the heat loss between sample melting and the formation of fine AljOj 
(0.18 sec in MWT-11) and the energy released from chemical reaction 
during the same interval are within the range of the overall accuracy. The 
heat loss from the sample is expected to be small, since the time interval 
is short, and the sample is roughly spherical in shape, is steam blanketed, 
and has a low emissivity. A small chemical-energy re lease is to be 
expected, since the time interval is short, and during most of this interval 
the chemical reaction rate is low because of the relatively low sample 
temperature. 

The average energy release between sample melting and sample 
incandescence (0.05 sec in MWT-11) is 90 ca l /g . This energy re lease , 
assuming no loss and a sample heat capacity of 0.24 cal /g-°C, will 
increase the sample temperature approximately 375°C. Thus, the sample 
temperature at the time of initial incandescence, as seen in the films of 
the experiments, is approximately 1000°C. This temperature is somewhat 
higher than would be anticipated, but the camera speed, the lens setting, 
the distance between the camera and the sample, the water, the windows, and 
the film development all can increase the temperature required to photograph 
incandescence. 

With the above calculational method, the sample temperature at the 
time discrete hydrogen bubbles are seen is 1250°C. Thus, the various 
physical events seen in the films can be used as indications of sample t em­
perature. Table V summarizes these physical events and their corresponding 
temperatures . 

TABLE V. Physical Events as a Function of Sample Temperature in MWT Experiments 

Physical Event Sample Temperature, °C Surface Temperature, °C 

Nucleate boiling 
Film iDoiling 
Sample melting 
Incandescence 

1273 
227^ 
640b 

lOOOS 

126= 
213= 

Physical Event Sample Temperature, Surface Temperature, °C 

Hydrogen Bubbles 
Fine AI2O3 formed 
Sample fragmentation 

1250= 
175l>: 
2000= 

^Calculated here. 
^Ref. 17. 

••Experimentally determined.! 

Refer to Appendix A. 
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J (200 

SAMPLE FRAGMENTS ^ 

Tables II and V can be used to plot sample temperature against 
t ransient nuclear-energy re lease; this plot is presented in Fig. 6. As can 
be seen in this figure and Table II, there is a significant scat ter in the energy 

input for most temperature values, 
i.e., for most physical events. 
P a r t of the scat ter is due to the 
relative position of a given energy-
re lease value in a transient. For 
example, if an event occurs well 
past the peak power of a transient, 
the energy input at the time of 
event will be greater than it would 
be for the same event occurring 
before peak power. Also, at the 
higher temperatures , the molten 
sannples are being distorted by 
internal gas p re s su re , ' which 
undoubtedly affects the physical 
events that occur at the surface of 
a sample. Other e r r o r s contribut­
ing to the scatter have been dis­
cussed in other parts of this report . 

fINE Al 0^ FORMED 

t VAPOR PHASE CHEMICAL 
REACTION) 

. M BUBBLES 

INCANDESCENCE 

SAMPLE MELTS 

FILM BOILING 
NUCLEATE BOILING 

- I \ L 
200 400 600 800 

TRANSIENT NUCLEAR ENERGY RELEASE, cal/g 

ID-103-7606 

Fig. 6. Alloy Fuel Sample Temperature vs Nuclear-
energy Release: MWT Experiments 

In sp i te of the s c a t t e r . F i g . 6 does p rov ide a m e a n s for e s t i m a t i n g 
the t e n n p e r a t u r e a t t a i n e d in t r a n s i e n t s s i m i l a r to those of the MWT s e r i e s 
of e x p e r i m e n t s . The l ine d r a w n 
in the f igure p a s s e s t h r o u g h the 
a v e r a g e e n e r g y - r e l e a s e va lue for 
the v a r i o u s e v e n t s . 

Applying the t e m p e r a t u r e -
event da ta of Tab le V to M W T - 1 3 
beyond the s a m p l e - m e l t i n g event , 
t o g e t h e r with the c a l c u l a t e d s a m ­
ple t e m p e r a t u r e h i s t o r y be fo re 
nnelting, e n a b l e s s a m p l e t ennpe r ­
a t u r e to be p lo t ted a g a i n s t t i m e , 
as shown in F i g . 7. F i g u r e 7 a l s o 
shows r e a c t o r power and s a m p l e 
e n e r g y r e l e a s e p lo t ted a g a i n s t 
t i m e . T h i s f igu re thus p r e s e n t s a 
unique t i m e , t e m p e r a t u r e , e n e r g y -
r e l e a s e , and even t h i s t o r y for an 
a l loy fuel s a m p l e s u b j e c t e d to a 
n u c l e a r t r a n s i e n t . 

riMC . SCCOIVDS 

The e s t i m a t e d p e a k s a m ­
ple t e m p e r a t u r e p r e s e n t e d in 
F i g . 7 (1590°C) w a s d e t e r m i n e d 
a s fol lows: The s a m p l e was 

ID-103-7607 

Fig. 7. Reactor Power, Sample Nuclear-energy Release, 
and Calculated Sample Temperature: 
Experiment MWT-13 
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i n s t r u m e n t e d with C h r o m e l - A l u m e l t h e r m o c o u p l e s , wh ich m e l t e d , thus 
showing a peak s a m p l e t e m p e r a t u r e of a t l e a s t M S C C . The f i lms of the 
e x p e r i m e n t did not ind ica te any v a p o r - p h a s e c h e m i c a l r e a c t i o n , thus 
showing a peak s a m p l e t e m p e r a t u r e of l e s s than 1750°C. The e s t i m a t e d 
peak value of 1590°C is the m e a n of the two b r a c k e t i n g v a l u e s . T h i s p e a k 
value could a l s o be p r e s e n t e d a s 1590 ± I60°C, which is an a c c e p t a b l e 
r a n g e . 

The t ime of peak t e m p e r a t u r e i s p r e s e n t e d a s be ing c o i n c i d e n t 
with the comple t e r e l e a s e of n u c l e a r e n e r g y . It i s diff icul t to s a y e x a c t l y 
when the peak t e m p e r a t u r e was a t t a i n e d . The i n d i c a t e d t i m e is a r e a s o n a b l e 
approx ima t ion , s ince the c h e m i c a l - e n e r g y r e l e a s e w a s p r o b a b l y s p r e a d 
over a r e l a t i v e l y long p e r i o d of t i m e , as i n d i c a t e d by the s a m p l e i n c a n d e s -
c e n s e , thus being l e s s effect ive than the n u c l e a r e n e r g y in peak ing the s a m p l e 
t e m p e r a t u r e . 

The upper end of the e n e r g y - r e l e a s e c u r v e in F i g . 7 p r e s e n t s the 
n u c l e a r - p lus c h e m i c a l - e n e r g y r e l e a s e r e a l i z e d du r ing e x p e r i m e n t M W T - 1 3 . 
The r e l e a s e r a t e of the c h e m i c a l e n e r g y is not known, p r i m a r i l y b e c a u s e of 
the unknown s u r f a c e a r e a dur ing th i s t i m e . * B a s e d on the a p p e a r a n c e of 
d i s c r e t e , r e a c t i o n - p r o d u c t h y d r o g e n b u b b l e s , h o w e v e r , the s a m p l e t e m p e r a ­
t u r e m u s t be in the 1250°C r a n g e to ach ieve a s ign i f i can t r e a c t i o n r a t e . By 
going back to the i n c a n d e s c e n c e t e m p e r a t u r e of 1000°C, one o b t a i n s an 
a p p r o x i m a t i o n of the t i m e i n t e r v a l du r ing which m o s t of the c h e m i c a l e n e r g y 
is r e l e a s e d ; i . e . , the p e r i o d of i n c a n d e s c e n c e is a p p r o x i m a t e l y equa l to the 
p e r i o d of s igni f icant c h e m i c a l r e a c t i o n r a t e . In M W T - 1 3 , i n c a n d e s c e n c e 
could be s e e n f rom 1.96 to 4.54 s e c , and du r ing th i s p e r i o d the 80 c a l of 
chennical e n e r g y was r e l e a s e d ; F i g . 7 p r e s e n t s t h e s e v a l u e s . 

S i m i l a r p lots could be deve loped for the renna in ing MWT a l l o y -
s a m p l e e x p e r i m e n t s , but f u r the r i n f o r m a t i o n would p r o b a b l y not be ob t a ined 
f rom such an e x e r c i s e . 

The only da tum ava i l ab le to ind ica te the coo l ing r a t e of a m o l t e n 
s a m p l e is the t i m e a t which i n c a n d e s c e n c e e n d s . T h i s d a t u m is in su f f i c i en t 
b a s i s for any c a l c u l a t i o n s o r d i s c u s s i o n . 

*Reference 1 discusses sample distortion in the temperature range being considered. 
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VI. CONCLUSIONS 

By the use of different calculation methods, it has been possible to 
calculate sample tempera tures , heat fluxes, and heat losses from a small 
aluminum-clad fuel-plate sample subjected to a nuclear transient. The 
calculations include conduction, nucleate boiling, film boiling, and radiation 
in a subcooled pool with the sample in both the solid and molten s tates . 
The various data are summarized in Tables III and V and in Figs. 4-6. 
Figure 6 graphically presents a unique energy-re lease , tennperature, and 
event history of a sample subjected to a relatively high-energy nuclear 
transient. 

The most direct application of these data is to the experimental 
study of aluminum-water chemical reactions during a nuclear transient. 
This application resul ts pr imar i ly in determination of sample temperatures 
at the times the various events (nucleate boiling, film boiling, sample 
incandescence, and hydrogen bubble formation) were seen in the high-speed 
films taken during the transient experinnents. This application also resul ts 
in determination of the approximate time intervals during which the chemical 
reaction, as determined in Ref. 1, occurred in the various transient 
experiments. 

The resul ts of the present study can also be used in evaluating 
potential aluminum-water reactions during postulated nuclear transients 
in certain other r eac to r s . The resul ts are particularly applicable since 
the fuel-plate samples studied were fabricated identically to production 
fuel for reac tors using plate-type, aluminum-clad fuel assemblies . Also, 
the water quality in the experiments is nearly identical to the water quality 
in some pool-type r eac to r s . 

The resul ts of this study are unique in transient, subcooled, pool 
heat t ransfer since the range of conditions covered has not previously been 
reported in the l i te ra ture . The applicability of these resul ts to any 
problem will have to be evaluated on the basis of the comparability of this 
study to the problem under consideration. 
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APPENDIX A 

Hea t Capac i ty and Enthalpy of Alloy F u e l 

The hea t capac i ty of a luminum and u r a n i u m below 640 C is c o n ­
ta ined in many loca t ions in the l i t e r a t u r e . The hea t c a p a c i t y of the c o r e 
al loy of the fuel p l a t e s used in this s tudy was c a l c u l a t e d on an add i t ive 
b a s i s ; i . e . , the co re al loy is 23 w / o u r a n i u m and 77 w / o a l u m i n u m , and 
the s a m e p e r c e n t a g e va lues a r e appl ied to the e l e m e n t a l h e a t c a p a c i t i e s 
and s u m m e d to obtain the al loy hea t capac i ty . The s a m e m e t h o d w a s u s e d 
for the s a m p l e hea t capac i ty . Table VI l i s t s the r e s u l t s of the c a l c u l a t i o n . 

TABLE VI. Heat Capaci ty of Aluminum, U r a n i u m , 
Core Alloy, and Total Sample 

M a t e r i a l 

A luminum 
U r a n i u m 
Core al loy 
Total s a m p l e 

0°C 

0.208 
0.0275 
0.166 
0.196 

Heat Capac i ty 

200''C 

0.235 
0.0393 
0.188 
0.218 

c a l / g -

400°C 

0.258 
0.0368 
0.207 
0.236 

°C 

600°C 

0.282 
0.0452 
0.227 
0.259 

225 

200 

HEAT 

FUSION ^ 
80 eal/g 

168 S cal/g*—. 

ID-103. 

Fig.A.l. 

e r r o r 

s u l t i n i 

T h e s e v a l u e s a r e p u t i n t o t h e T H T B 

c o m p u t e r p r o g r a m , "which l i n e a r l y i n t e r p o ­

l a t e s b e t w e e n t h e g i v e n p o i n t s . 

B a s e d o n t h e a b o v e v a l u e s a n d t h e 

h e a t of f u s i o n of t h e s a m p l e , t h e s a m p l e 

e n t h a l p y c u r v e p r e s e n t e d i n F i g . A . l i s 

d e t e r m i n e d . 

T o d e t e r m i n e t h e s a m p l e h e a t c a ­

p a c i t y b e y o n d m e l t i n g , t h e f o l l o w i n g m e t h o d 

w a s u s e d . T h e l i t e r a t u r e i n d i c a t e s t h a t 

w h e n a l u m i n u m m e l t s , i t s h e a t c a p a c i t y d e ­

c r e a s e s a p p r o x i m a t e l y 1 0 % . ' ^ T h e 6 0 0 ° C 

v a l u e of 0 . 2 5 9 c a l / g - ° C w a s t h u s r e d u c e d t o 

0 . 2 4 , a n d , t o p a r t i a l l y a c c o m m o d a t e t h e i n ­

c r e a s i n g c h e m i c a l - e n e r g y - r e l e a s e r a t e a s 

t h e s a n n p l e t e m p e r a t u r e i n c r e a s e d , t h i s 

v a l u e i s u s e d f o r t h e m o l t e n s a m p l e i n d e ­

p e n d e n t l y of s a m p l e t e m p e r a t u r e . T h e 

i n v o l v e d i n t h e m e t h o d i s p r o b a b l y n o t g r e a t e r t h a n t h e e r r o r r e -

,g f r o m d a t a s c a t t e r i n t h i s s t u d y . 

7586 

Enthalpy of A Hoy Fuel Sample 
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A P P E N D I X B 

C a l c u l a t i o n of F i l nn -bo i l i ng Coeff ic ient 

1. B r o m l e y 

he + hr 0.62 'gPv{Pi - Pv) X 

D M ( T S 

v a 4 l " ' + ea{T\-T*) 

i) J Ts - Ti 

vhere 

h(. = c o n v e c t i o n coef f ic ien t , B t u / h r - f t ^ - ° F ; 

hj. = r a d i a t i o n coef f ic ien t , B t u / h r - f t ^ - ° F ; 

g = g r a v i t y a c c e l e r a t i o n = 4.17 x lO' f t /hr^ ; 

Pv = v a p o r d e n s i t y = 0 .023 Ib/ft^; 

Pi = l iquid d e n s i t y = 60.2 Ib/ft^; 

A.va ~ d i f f e r ence in hea t con ten t be tween m e a n - t e m p e r a t u r e v ap o r 
and s a t u r a t e d l iquid = 1180 B t u / l b ; 

kv = v a p o r t h e r m a l conduc t iv i ty = 0.027 B t u / h r - f t - ° F ; 

D = p l a t e width = 0.125 ft; 

fl = v a p o r v i s c o s i t y = 5.1 x 10"^ Ib f / f t -h r ; 

Tg = h e a t i n g - s u r f a c e t e m p e r a t u r e = 1645°R; 

T | = l iquid t e m p e r a t u r e = 532°R;^ 

e = h e a t i n g - s u r f a c e e m i s s i v i t y = 0.10; 

a = B o l t z m a n n ' s c o n s t a n t = 0.1714 X 1 0 " ' B tu /h r - f t ^ - °R ; 

and 

h = 1.3-1- 35.5 = 36.8 B t u / h r - f t ^ - ° F . 

This s a m p l e c a l c u l a t i o n is for the s t e a m - b l a n k e t e d fuel s a m p l e at 640°C. 

2. H a m i l l and B a u m e i s t e r 

<5tot " h to t (Tw - Tg) . 

' I tot " ' ° ' ^ ^ ^^^^ ^^'^- B t u / h r - f t ^ - ° R ; 

T ^ = wal l t e m p e r a t u r e , °R; 

Tg = s a t u r a t i o n t e m p e r a t u r e of l iquid, °R; 

w h e r e 
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and 

h-tot = hfb + 0.88hi.ad + O.12htcl0; 

hfb = 35.5 B t u / h r - f t ^ - ° F ( f rom B r o m l e y " ) ; 

hj.ad = 13 B t u / h r - f t ^ - ° F ( f rom B r o m l e y " ) ; 

hj^^ = t u rbu l en t l iquid f r e e - c o n v e c t i o n coeff ic ient , B t u / h r - f t - ° F ; 

, 1/3 

^tcl 0.14 
r k i P i g B i ( T s - Tb) P r i 

Mt-

( see Sect ion 1 above for s o m e t e r m def in i t ions) 

P r i = P r a n d t l n u m b e r = 1.75; 

hjcl = 2.2 (hor izon ta l , upward - f ac ing p l a t e ) ; 

9 = subcool ing p a r a m e t e r (Tg - Tb)/(T.^^- Tg); 

Tg = s a t u r a t i o n t e m p e r a t u r e , °F ; 

Tb = bu lk - l iqu id t e m p e r a t u r e , °F ; 

T ^ = wal l t e m p e r a t u r e , °F ; 

e = 0 .135; 

' to t 
36.6 B t u / h r - f t ^ - ° F . 

This ca l cu la t ion is for the s t e a m - b l a n k e t e d fuel s a m p l e a t 640°C. 
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TABLE VII. Tabular Summary of Experiment MWT-4 

Summary of Reactor Data 

Transient No.: 
Integrated power: 
Reactor period: 
Peak reactor power; 

851 
159 MW-sec 
0.139 sec 
306 MW 

Summary of Experinnental Data 

Fuel sample: 
Sample nuclear-energy input: 
Energy released, Al + HjO reaction: 

SPERT 1-D, 2.069 g 
524 cal/g of sample 
0 cal 

Summary of Events 

Time, sec 

Nucleate boiling begins Not seen 
Film boiling begins Not seen 
Sannple melting begins 2.225 
Incandescence begins 2.345 
Hydrogen evolution begins None 
AI2O3 evolution begins None 
Fragmentation occurs None 
Incandescence ends 2.^35 

Integrated Nuclear 
Energy, cal/g 

NA 
NA 
270 
391 
NA 
NA 
NA 
NA 

, 500 

5 300 

^200 

NUCLEAR ENERGY INPUT__ 

SAMPLE MELTING BEGINS 

HCAMOESCCHCE BEGINS 

IMCMOESCCMCC CNOS 

300 g 
tt 

2002 

100 i 

Fig. c . l 

Graphical Summary of 

Experiment MWT-4 

ID-103-7588 
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TABLE VIII. Tabu la r S u m m a r y of E x p e r i m e n t M W T - 9 

S u m m a r y of Reac to r Data 

T r a n s i e n t No.: 
I n t e g r a t e d power : 
R e a c t o r pe r iod : 
P e a k r e a c t o r power ; 

930 
177 M W - s e c 
0.113 s ec 
468 MW 

S u m m a r y of E x p e r i m e n t a l Data 

Fue l s a m p l e : 
Sample n u c l e a r - e n e r g y input: 
E n e r g y r e l e a s e d , Al + HjO r e a c t i o n : 

S P E R T 1-D, 2 .096 g 
584 c a l / g of s a m p l e 
96 ca l 

S u m m a r y of Even t s 

Nuclea te boi l ing begins 
F i l m boil ing begins 
Sample mel t ing begins 
Incandescence begins 
Hydrogen evolut ion begins 
AI2O3 evolut ion begins 
F r a g m e n t a t i o n o c c u r s 
Incandescence ends 

T i m e , sec 

I n t e g r a t e d N u c l e a r 
E n e r g y , c a l / g 

Not s e e n 
Not s e e n 

1.88 
1.93 
1.95 

None 
None 
4.29 

NA 
NA 
224 
298 
322 
NA 
NA 
NA 

S500 

^400 

700 -Z 

600 p 

SAMPLE MELTING BEGINS 

INCANDESCENCE BEGINS 

H2 EVOLUTION BEGINS 

INCANDESCENCE ENDS -

3.0 
TIME, sec 

Fig. C.2 

Graphical Summary of 
Experiment MWT-9 

ID-103-7589 
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TABLE IX. Tabular Summary of Experiment MWT-10 

Summary of Reactor Data 

Transient No.: 
Integrated power: 
Reactor period: 
Peak reactor power: 

931 
205 MW-sec 
0.108 sec 
552 MW 

Summary of Experimental Data 

Fuel sample: 
Sample nuclear-energy input: 
Energy released, Al + HjO reaction: 

SPERT 1-D, 2.118 g 
676 cal /g of sample 
470 cal 

Summary of Events 

Nucleate boiling begins 
Film boiling begins 
Sample melting begins 
Incandescence begins 
Hydrogen evolution begins 
A1203 evolution begins 
Fragmentation occurs 
Incandescence ends 

Time, sec 

Not 
Not 

1 
1 

Not 
1 

N 
3 

seen 
seen 
73 
76 
seen 
79 

Dne 
8 

Integrated Nuclear 
Energy, cal/g 

NA 
NA 
307 
361 
NA 
411 
NA 
NA 

lu 400 

OU 
1.0 

NUCLEAR ENERGY INPUT 

SAMPLE MELTING BEGINS 

INCANDESCENCE BEGINS 

ALO3 EVOLUTION BEGINS 

IHCAMIXSCCMCC CMOS —p 

30 40 
TIME, sec 

Fig. C.3 

Graphical Summary of 

Experiment MWT-10 

lD-103-7590 
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TABLE X. Tabu la r S u m m a r y of E x p e r i m e n t M W T - 1 1 

S u m m a r y of Reac to r Data 

T r a n s i e n t No. : 
I n t e g r a t e d power : 
Reac to r pe r iod : 
P e a k r e a c t o r power : 

932 
220 M W - s e c 
0.108 sec 
550 MW 

S u m m a r y of E x p e r i m e n t a l Data 

F u e l s a m p l e : 
Sample n u c l e a r - e n e r g y input: 
E n e r g y r e l e a s e d , Al + H2O r eac t i on : 

S P E R T 1-D, 2 .086 g 
726 c a l / g of s a m p l e 
1190 c a l 

S u m m a r y of Events 

Nuclea te boil ing begins 
F i l m boi l ing begins 
Sample mel t ing beg ins 
I n c a n d e s c e n c e begins 
Hydrogen evolut ion begins 
AI2O3 evolut ion begins 
F r a g m e n t a t i o n o c c u r s 

Incandescence ends 

T i m e , sec 

I n t e g r a t e d N u c l e a r 
E n e r g y , c a l / g 

1.45 
Not seen 

1.69 
1.74 
1.76 
1.87 
2.30 

5.35 

26 
NA 
231 
297 
330 
537 

Transient completed 
at 2 05 sec 

NA 

^500 
s 

'^400 

Q300 -

s 
It 200-

NUCLEAR ENERGY INPUT 

NUCLEATE BOILING BEGINS 

SAMPLE MELTING BEGINS 

INCANDESCENCE BEGINS 

H2 EVOLUTION BEGINS 

Ai^O^ EVOLUTION BEGINS 

FRAGMENTATION OCCURS 

INCANDESCENCE E N D S -

3.0 
TIME, sec 

800 -5. 
E 

tool 

100^ 

0 

Fig. C.4 

Graphical Summary of 
Experiment MWT-11 

ID-103-7591 
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TABLE XI. Tabular Sunnmary of Experiment MWT-12 

Summary of Reactor Data 

Transient No.: 
Integrated power: 
Reactor period: 
Peak reactor power: 

938 
230 MW-sec 
0.108 sec 
550 MW 

Summary of Experimental Data 

Fuel sample: 
Sample nulcear-energy input: 
Energy released, Al + H^O reaction: 

SPERT 1-D, 2.142 g 
759 cal/g of sample 
935 cal 

Summary of Events 

Nucleate boiling begins 
Film boiling begins 
Sample melting begins 
Incandescence begins 
Hydrogen evolution begins 
AI2O3 evolution begins 
Fragmentation occurs 
Incandescence ends 

Time, sec 

Not 
Not 

1 
1 
1 
1 
2 
3 

seen 
seen 
67 
73 
76 
85 
07 
68 

Integrated Nuclear 
Energy, cal/g 

NA 
NA 
224 
320 
349 
512 
747 
NA 

NUCLEAR ENERGY INPUT 

SAMPLE MELTWG BEGINS 

INCANDESCENCE BEGINS 

Hg EVOLUTION BEGINS 

A, 0, EVOLUTION BEGINS 

FRAGMENTATIOH OCCURS 

gtCANDESCENCE ENDS 

700 ° J 
o 

600 Ĵ . 

500 I 

4O0% 

300 u, 
ft 
' I 

lOO ^ 

100 * 

Fig. c.5 

Graphical Summary of 
Experiment MWT-12 

ID-103-7592 
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TABLE XII. Tabu la r S u m m a r y of E x p e r i m e n t M W T - 1 3 

Sunnmary of Reac to r Data 

T r a n s i e n t No.: 
I n t e g r a t e d power : 
Reac to r pe r iod : 
P e a k r e a c t o r power: 

939 
176 M W - s e c 
0.115 sec 
472 MW 

S u m m a r y of E x p e r i m e n t a l Data 

F u e l s a m p l e : 
Sample n u c l e a r - e n e r g y input: 
E n e r g y r e l e a s e d , Al + HjO r e a c t i o n : 

SPERT I - D , 2.105 g 
582 c a l / g of sample 
70 ca l 

S u m m a r y of Even t s 

Nuclea te boi l ing begins 
F i l m boil ing begins 
Sample mel t ing begins 
Incandescence begins 
Hydrogen evolut ion begins 
AI2O3 evolut ion begins 
F r a g m e n t a t i o n o c c u r s 
I n c a n d e s c e n c e ends 

Time, sec 

1.57 
1.69 
1.89 
1.96 
2.02 
None 
None 
4.54 

Integr 
Ene 

ated Nuclear 
rgy, cal /g 

26 
66 

267 
379 
469 
NA 
NA 
NA 

NUCLEAR ENERGY INPUT 

THERMOCOUPLES MELT 

NUCLEATE BOILING BEGINS 

FILM BOILING BEGINS 

SAMPLE MELTING BEGINS 

INCANDESCENCE BEGINS 

Hg EVOLUTION BEGINS 

INCANDESCENCE ENDS 

500 I Fig- C.6 

J ^ Graphical Summary of 
u; Experiment MWT-13 

30 
TIME, sec ID-103-7593 
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TABLE XIII. Tabular Summary of Experiment MWT-14 

Summary of Reactor Data 

Transient No.: 
Integrated power: 
Reactor period: 
Peak reactor power: 

947 
70 MW-sec 
0.285 sec 
85 MW 

Summary of Experimental Data 

Fuel sample: 
Sample nuclear-energy input: 
Energy released, Al + H2O reaction: 

SPERT 1-D, 2.156 g 
231 cal/g of sample 
0 cal 

Summary of Events 

Nucleate boiling begins 
Fi lm boiling begins 
Sample melting begins 
Incandescence begins 
Hydrogen evolution begins 
AI2O3 evolution begins 
Fragmentation occurs 
Incandescence ends 

Time, sec 

3.32 
3.69 
None 
None 
None 
None 
None 
None 

Integrated Nuclear 
Energy, cal/g 

24 
69 

NA 
NA 
NA 
NA 
NA 
NA 

4500-." 
s 
'1^400 

^300 

100 

0 

Uj 3 
t ZOO - « 900-

NUCLEAR ENERGY INPUT 

LOWER SAMPLE TEMPERATURE 

UPPER SAMPLE TEMPERATURE 

REACTOR POWER 

FILM BOILING BEGINS 

NUCLEATE BOILING BEGINS 

BOO I 
8 

TOO 'S 

eoo S 
k.* 

4O0 {: 

-300 S 

voo 2 
g 

100 % 

0 

Fig. C.7 

Graphical Summary of 
Experiment MWT-14 

ID-103-7S94 
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T A B L E XIV. Tabu l a r S u m m a r y of E x p e r i m e n t M W T - 1 8 

S u m m a r y of Reac to r Data 

T r a n s i e n t No. : 
I n t e g r a t e d power : 
R e a c t o r pe r iod : 
P e a k r e a c t o r power : 

956 
248 M W - s e c 
0.109 s ec 
547 MW 

S u m m a r y of E x p e r i m e n t a l Data 

F u e l s a m p l e : 
Sample n u c l e a r - e n e r g y input: 
E n e r g y r e l e a s e d , Al + H2O r e a c t i o n : 

S P E R T 1-D, 2 .143 g 
819 c a l / g of s a m p l e 
3330 ca l 

S u m m a r y of Even t s 

Nuc lea te boi l ing begins 
F i l m boil ing begins 
Sample me l t ing begins 
I n c a n d e s c e n c e begins 
Hydrogen evolut ion begins 
AI2O3 evolut ion begins 
F r a g m e n t a t i o n o c c u r s 
I n c a n d e s c e n c e ends 

Time, sec 

Not seen 
Not seen 

1.75 
1.83 
1.92 
1.96 

2.12 &2.92 
5.08 

Integrated Nuclear 
Energy, cal /g 

NA 
NA 
247 
373 
535 
599 

772 & 819 
NA 

NUCLEAR ENERGY INPUT , 

SAMPLE TEMPERATURE 

SAMPLE MELTING BEGINS 

INCANDESCENCE BEGINS 

Hg EVOLUTION BEGINS 

AI^Oj EVOLUTION BEGINS 

FRAGMENTATION OCCURS 

INCANDESCENCE ENDS - . 

3.0 

TIME, sec 

t 

soo i Fig. C.8 

•' u Graphical Summary of 
I ^ Experiment MWT-18 

ID-103-7595 
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